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Available online 21 February 2016AbstractWith consideration of the comprehensive effects of runoff from the Yangtze River, East China Sea background circulation, and tidal currents,
a regional circulation model, including the Yangtze Estuary, Hangzhou Bay, and adjacent sea areas was established. The 2002/2003 El Ni~no
event was chosen for study of the anomalies of circulation outside the Yangtze Estuary. The coastal and ocean current systems of the East China
Sea and the current structure outside the Yangtze Estuary were accurately described. The results of vertical circulation analysis basically
coincide with those of horizontal circulation analysis, showing that the circulation outside the Yangtze Estuary is mainly affected by the Taiwan
warm current, runoff from the Yangtze Estuary, and the tide-induced residual current. The El Ni~no event weakens Yangtze Estuary circulation to
a certain degree, and the impacts are more significant in summer than in winter. During the 2002/2003 El Ni~no event, the flux of the Taiwan
warm current decreases, and the northward component of the Taiwan warm current decreases by half in February 2003 compared to the previous
year. However, its path is relatively stable.
© 2016 Hohai University. Production and hosting by Elsevier B.V. This is an open access article under the CC BY-NC-ND license (http://
creativecommons.org/licenses/by-nc-nd/4.0/).
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The combined effects of El Ni~no and the Southern
Oscillation-associated wind and sea surface temperature vari-
ations are referred to as ENSO. El Ni~no and La Ni~na refer to
the warm and cold phases of the ENSO phenomenon,
respectively. In general, ENSO is more often used to refer to
El Ni~no events. It is considered to be one of the strongest
signals of coupling between the global atmosphere and oceans
thus far observed by humans. El Ni~no events, with their
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creativecommons.org/licenses/by-nc-nd/4.0/).are not just local marine area phenomena, but also affect the
entire equatorial Pacific area. The occurrence of El Ni~no
events is always accompanied by global climate anomalies. El
Ni~no events have caused severe eco-catastrophes and eco-
nomic losses, and have attracted the attention of the United
Nations and departments of agriculture, energy, the environ-
ment, water conservancy, fisheries, oceans, and meteorology
of affected countries.
Marine science has been developing rapidly since the latter
half of the 20th century and has occupied an important posi-
tion in scientific research. At the beginning of the 21st century,
the response of coastal marine systems to global climate
change, of all key marine science problems, is of particular
concern to China (Su, 2006). It has been shown that El Ni~no
and La Ni~na events have had significant impacts on the Pacific
subtropical high and Southeast Asian monsoon circulation,
and the pattern, intensity, and duration of the impacts show
different regional characteristics. Most areas of China lie in
typical monsoon climate zones. It is through monsoonThis is an open access article under the CC BY-NC-ND license (http://
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environment in China (Zhang and Zhao, 2011).
Many studies have been conducted on ocean circulation
outside the Yangtze Estuary and Hangzhou Bay, as they are
typical estuarine systems. The studies have mainly been
concentrated on mechanisms of dilution of water and paths of
spreading (Zhu et al., 1997), dynamic upwelling mechanisms
(Zhu, 2003b; Lu¨ et al., 2007), and characteristics of local
circulation (Li and Zhao, 2001; Zhu et al., 2002). Field ob-
servations of the Yangtze Estuary have been carried out since
the late 1950s, involving hydrodynamics, sediment transport,
and other processes and characteristics (Mao et al., 1963; Su
and Pan, 1989). With the development of computer technol-
ogy in recent decades, numerical simulation has become an
effective strategy for achieving significant results. The paths
and flow volumes of the Kuroshio current, Taiwan warm
current, and Yellow Sea warm current in adjacent sea waters
have been reasonably simulated, and the features of sea waters
where the Tsushima current originates have been better
described (Lian et al., 2009). The temperature and salinity in
the Yangtze Estuary and its adjacent waters have been simu-
lated, and seasonal changes of Yangtze Estuary circulation
have been described in detail (Liu et al., 2008). Anomalies of
nearshore circulation have direct effects on marine environ-
ments, and are closely related to red tide disasters, ocean
fisheries, and contaminant transport. However, studies on the
relationship between nearshore circulation and El Ni~no events
in these areas, especially in the Yangtze Estuary and its
adjacent waters, are rare. A few scholars have found that there
are certain relationships between El Ni~no events and variations
of fisheries and surface salinity distribution in coastal areas of
the East China Sea (He, 1988). The sea surface temperature in
the Yangtze Estuary shares its two-to-seven-year change cycle
with ENSO events (Chen et al., 2005). The ENSO phenome-
non has certain effects on the sea area around the Yangtze
Estuary through special processes, involving river discharge,
wind fields, surface temperature, and circulation. However,
large-scale circulation makes the dominant contribution to
nearshore circulation due to ENSO events. The objectives of
this study were to explore the relationship between nearshore
circulation and ENSO events and lay the foundation for pre-
diction of circulation anomalies.
2. Yangtze Estuary circulation model2.1. Numerical modelFig. 1. Monthly average surface circulation of East China Sea in
February 2002.The Yangtze Estuary circulation model, a regional circu-
lation model, was built based on the Princeton ocean model
(POM), an ocean numerical model developed by Blumberg
and Mellor (Mellor, 2004). At present, POM has been adopted
worldwide for research on estuaries, coasts, and oceans (Li
and Zhao, 2001; Guo et al., 2003; Hu et al., 2004). POM is
characterized by use of the vertical s-coordinate system to
achieve relative layers and use of a horizontal Arakawa C-grid.
The built-in Mellor-Yamada second-order turbulence closure
model was used to calculate the vertical mixing coefficient.The splitting method was adopted to enhance the calculation
stability and efficiency.
The domain of the Yangtze Estuary circulation model in-
cludes the Yangtze Estuary, Hangzhou Bay, and their adjacent
sea areas, with a maximum depth of 70 m, stretching from
120160E to 124300E and from 29300N to 34N. It has a
longitudinal length of 50 km and a latitudinal width of 44 km.
In this study, the domain was horizontally discretized by
rectangular grid cells with a size of 500 m by 500 m. The
dynamic wetting-drying method was used to simulate the sub-
mergence and emergence of tidal flats, with a critical depth of
0.1 m. Most of the topographic data of the Yangtze Estuary and
nearby areas were measurements from 2010. The circulation
model was divided into 10 layers in the vertical direction. The
time steps of the external and internal models were 1 s and 10 s,
respectively, and the roughness height Z0 was 0.01 m.2.2. Boundary conditions and study periodAn East China Sea circulation model was used to determine
boundary conditions for the Yangtze Estuary circulation
model. Details of the East China Sea circulation model can be
found in Zhang et al. (2014). Fig. 1 shows the monthly average
surface circulation of the East China Sea in February 2002,
which conforms to the conclusions of Li and Zhao (2001). The
effects of runoff from the Yangtze River, East China Sea
background circulation, and tidal currents were comprehen-
sively considered in the regional circulation model. Velocities
calculated from the East China Sea circulation model and
radiation boundary conditions were imposed on open bound-
aries of inflow and outflow, respectively. Imposed velocities
included the contributions of tidal currents and ocean
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should be considered for simulation of shelf circulation (Zhu
et al., 2004). The monthly average discharge was imposed
on the upstream boundary of the Yangtze Estuary. The dis-
charges in February and August were 11000 m3/s and
43000 m3/s, respectively. The initial water level and velocity
were set as zero.
According to the timetable of ENSO events in the equa-
torial Pacific (http://www.esrl.noaa.gov/psd/data/), since start
of the 21st century, El Ni~no events have occurred in the years
2002/2003, 2004, 2006, 2009/2010, and 2015/2016. The
multivariate ENSO index (MEI) is commonly used to describe
the intensity of ENSO events, with the positive and negative
signs referring to the El Ni~no and La Ni~na events, respectively.
The results show that the MEI of the El Ni~no event from May
2002 to March 2003 reached 1.5, indicating significant warm
events in this period (Table 1). Thus, the El Ni~no event during
this period was chosen for analysis of the anomalies in coastal
circulation in this study.
3. Model verification
The measured water level and velocity outside the Yangtze
Estuary in August 2006 were used to calibrate and validate
parameters of the model. Fig. 2 shows the simulated surface and
bottom flood flow fields in sea waters outside the Yangtze Es-
tuary in August 2006. During the flood tide, a tidal wave in the
East China Sea propagates from the east and south to the
northwest, and the flood current flows into the Yangtze Estuary
and Hangzhou Bay. In the northern part of the Yangtze Estuary,Table 1
MEI for 2002/2003 El Ni~no event.
Year MEI
January February March April May June J
2002 0.1 0.1 0.2 0.4 0.7 0.8 0
2003 1.2 0.9 0.5 0.1 0.1 0.1 0
Fig. 2. Flood flow fields in surface and bottomthe progressive tidal wave from the East China Sea meets with
an amphidrome reflected by the Shandong Peninsula, inducing a
convergent tidal current with its peak at Jianggang on the central
Jiangsu coast. The surface and bottom ebb flow fields are shown
in Fig. 3. The near-bottom velocity is generally lower than that
on the surface, while the regime of the bottom flow field is
similar to that of the flood flow field. The tidal current outside the
Yangtze Estuary and Hangzhou Bay, in the ebb flow field, flows
eastward and then turns southeastward, and the tidal current in
the northern area diverges at Jianggang. The characteristics of the
tidal current agree with previous research results (Zhang et al.,
1988). Due to the space limitations of this paper, only the tidal
level and the flow velocity and direction of the tidal current in the
surface and bottom layers during a typical sampling period of
25 h at station S1 (Fig. 1) are given in Figs. 4 and 5, where the
flow direction is determined by the angle away from the north.
The simulated tidal level agrees with measurements, as well as
the flow velocity and direction in the surface and bottom layers.
4. Results and discussion
Regional circulation from 2002 to 2003 was simulated at
the beginning and during the development of the 2002/2003 El
Ni~no event. Since tidal effects on circulation were considered,
model results were tidally averaged to obtain circulation
including the tide-induced residual current and other ocean
circulation. The surface and bottom circulations outside the
Yangtze Estuary in February 2002, August 2002, and February
2003 were analyzed, and the simulated circulations are basi-
cally similar to previous results (Li and Zhao, 2001).uly August September October November December
.9 1.0 1.1 1.3 1.5 1.4
.4 0.5 0.6 0.5 0.6 0.4
layers during spring tide in August 2006.
Fig. 3. Ebb flow fields in surface and bottom layers during spring tide in August 2006.
Fig. 4. Validation of tidal level at station S1 in August 2006.
Fig. 5. Validation of flow velocity and di
148 Wen-yan Zhang et al. / Water Science and Engineering 2016, 9(2): 145e1544.1. Surfaceandbottomcirculationsandseasonal variationThe surface and bottom circulations outside the Yangtze
Estuary in February 2002 are shown in Fig. 6. The current
system is significantly affected by East China Sea background
circulation, mainly the Taiwan warm current (Zou et al.,
2009), which flows northward outside Hangzhou Bay, with a
wide range of flow and a large velocity of nearly 0.1 m/s. The
simulated flow characteristics, location, and path of the
Taiwan warm current are consistent with previous results (Zhu
et al., 1998; Bao et al., 2005; Liu et al., 2008). Because of its
continuous bifurcation into open seas in the course of flowing
from the southern boundary to the northern side of Hangzhourection at station S1 in August 2006.
Fig. 6. Surface and bottom circulations outside Yangtze Estuary in February 2002.
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flows northward. Previous research (Xiang et al., 2009) has
shown that the Taiwan warm current turns right and flows
eastward when it reaches the northern part of Hangzhou Bay,
which is basically consistent with the present results.
Yangtze Estuary circulation is also significantly affected
by the southeastward and southward discharges from the
Yangtze Estuary under the effect of the Coriolis force. The
river flow velocity is much higher than that outside the river
mouth. At present, the path of diluted water has not been
identified and the turning mechanism has not been fully
understood.
The tide-induced residual current plays an important role in
the nearshore circulation system. Outside the Yangtze Estuary
and Hangzhou Bay, the tide-induced residual current generally
flows seaward and strengthens in coastal areas. The residual
current distribution near the Zhoushan Islands looks somewhat
disorganized, owing to the large number of islands andFig. 7. Surface and bottom circulations oucomplex terrain. In waters with radial sand ridges, the tide-
induced residual current is relatively strong. Complicated
hydrological conditions and numerous tidal inlets make the
residual current very complex. Locally, the residual current
flows along the ebb tide and forms a divergent distribution
with its center at Jianggang.
Overall, the bottom circulation is weaker than the surface
circulation, but the circulation patterns on the surface and at
the bottom are similar. Due to the decreasing discharge and
tide current, the bottom circulation is mainly controlled by the
Taiwan warm current. The Taiwan warm current, with a
slightly higher velocity and wider flow range in the bottom
layer, flows further northward, compared with the current in
the surface layer, approaching the Yangtze Estuary along the
123300E meridian.
Circulation in August 2002 is shown in Fig. 7. Overall,
circulation in summer is stronger than in winter, and the
affected area of the Taiwan warm current is larger in summertside Yangtze Estuary in August 2002.
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a speed of up to 15 cm/s, occupies almost all of the southern
part of Hangzhou Bay and reaches eastern sea areas off the
Zhoushan Islands near 30300N. At the bottom, the Taiwan
warm current flows northward and reaches the Yangtze Estu-
ary. The deep water current roughly extends to 31N along the
123300E meridian, and its path is relatively stable.4.2. Horizontal circulation anomalies due to El Ni~no
eventsThe 2002/2003 El Ni~no event was chosen for analysis of
the anomalies of circulation outside the Yangtze Estuary. This
El Ni~no event began in May 2002, rapidly developed in
summer, reached its peak in autumn (November 2002), and
came to the end in winter. Comparison of regional circulation
in August 2002 (Fig. 7) with the annual mean circulation
outside the Yangtze Estuary in August simulated by Zhu
(2003a) shows that the affected area of the northward
Taiwan warm current was less in August 2002. With regard to
the annual mean circulation in August, the northward Taiwan
warm current can affect areas outside the Yangtze Estuary and
even reach 33N at the bottom. In August 2002, the El Ni~no
event developed rapidly and influenced the Taiwan warm
current to a certain degree. In this case, the Taiwan warm
current outside Hangzhou Bay was weaker. However, the path
of the Taiwan warm current was relatively stable.
Fig. 8 shows the surface and bottom circulations outside the
Yangtze Estuary in February 2003, when the El Ni~no event
was coming to an end. Compared with the circulation in
February 2002, before the outbreak of the El Ni~no event, the
circulation is weaker overall in February 2003. The Taiwan
warm current almost disappears on the surface, and the ve-
locity decreases significantly at the bottom in February 2003.
The El Ni~no event in winter weakens Yangtze Estuary circu-
lation, although the impacts are not as significant as those in
summer. According to previous research, anomalies of East
China Sea circulation may relate to the transition from the ElFig. 8. Surface and bottom circulations outNi~no to La Ni~na events (Yuan et al., 2001). The nearshore area
of the East China Sea, the Yangtze Estuary, and adjacent sea
waters are inevitably affected. El Ni~no events, occurring once
every two to seven years, indeed generate circulation anoma-
lies outside the Yangtze Estuary and adjacent sea waters
through an atmospheric bridge or in other particular ways.
During the El Ni~no event in 2002, the weaker south Asian
monsoon (Ai, 2003) could be the reason for the reduction of
the Taiwan warm current coming from the western side of the
Taiwan Strait. Although the flux of the Taiwan warm current
decreases, its path is relatively stable. Comparison of the cir-
culations in February 2002 and February 2003 shows some
differences, which are presumably related to the impacts of the
El Ni~no event.4.3. Vertical circulation anomalies due to El Ni~no eventsVertical circulations in the 29450N, 30300N, 31N, and
31300N sections in February 2002, August 2002, and February
2003 were investigated through cross-shelf velocity distribu-
tions and along-shelf velocity contours. Due to different orders
of the vertical velocity and horizontal velocity, the vertical
velocity was magnified 1000 times before it was synthesized
with the horizontal velocity to make the vector map clearer.
Figs. 9 and 10 show the cross-shelf velocity distribution and
along-shelf velocity contour, respectively, in typical sections
in February 2002, where the contour in solid lines represents
the northward velocity, while the contour in dash lines rep-
resents the southward velocity. The overall trend in vertical
circulation is movement from coastal areas to open seas. The
nearshore current is mainly affected by runoff from the
Yangtze River, and the tide-induced residual current is stron-
ger. The offshore current fluctuates with the variation of
topography. In the 29450N section, the Taiwan warm current
shows its northward component, with a center at nearly
123300E. The northward velocity in the middle and bottom
layers is greater, and the maximum northward component rea-
ches 4 cm/s. The eastward branch, with a velocity component ofside Yangtze Estuary in February 2003.
Fig. 9. Cross-shelf velocity distributions in typical sections in February 2002.
Fig. 10. Along-shelf velocity contours in typical sections in February 2002 (units: cm/s).
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ously, the Taiwan warm current turns to the east when it flows to
the northeast. In the 30300N section, both the velocity and flow
range of the Taiwan warm current decrease during its advance,
and the northward velocity decreases to 1 cm/s. In the 31N
section and 31300N section, the southward component in
coastal areas indicates that part of the diluted water turns
southeastward when it is discharged from the Yangtze Estuary.
There is a steep slope on the seabed at the 31N section, located
between the Yangtze Estuary and Hangzhou Bay. The tide-induced residual current climbs along the slope and induces
the so-called upwelling, a finding in agreement with Lu¨ et al.
(2007). In the 31300N section outside the Yangtze Estuary,
the runoff from the Yangtze River encounters the nearshore
current at 122300E, where upwelling exists. Zhao (1993) pro-
posed that the upwelling center at the Yangtze Estuary was
roughly located at 122400E and 31300N, a finding that is
consistent with the results of this study.
In August 2002, the flood season, the flux of the Taiwan
warm current is greater than that in February 2002 as a whole
152 Wen-yan Zhang et al. / Water Science and Engineering 2016, 9(2): 145e154(Figs. 11 and 12). In the 29450N section, the Taiwan warm
current in summer is clearly stronger than in winter, and its
northward component reaches 6 cm/s. A wider range of flow
occupies most of the southern part of Hangzhou Bay. In the
30300N section, the northward component of the Taiwan
warm current is two times what it is during winter and reaches
about 2 cm/s. In the 31N section, less warm current appears.
Upwelling can also be found in the 31N and 31300N sec-
tions, indicating the contributions of tide currents and terrain
to the formation of upwelling.Fig. 11. Cross-shelf velocity distribution
Fig. 12. Along-shelf velocity contours in typiCompared with February 2002, the circulation weakens in
February 2003 (Figs. 13 and 14). In the 29450N section, the
northward component of the Taiwan warm current reaches
2 cm/s, while the value is 4 cm/s in February 2002. This may
be induced by the volumetric reduction of the along-shelf
northward current. The Taiwan warm current can also be
found in the 30300N section, although the northward velocity
is lower. Upwelling can still be found in the 31N and 31300N
sections, which means that the weakening Taiwan warm cur-
rent does not cause upwelling to disappear. Thus, the Taiwans in typical sections in August 2002.
cal sections in August 2002 (units: cm/s).
Fig. 13. Cross-shelf velocity distributions in typical sections in February 2003.
Fig. 14. Along-shelf velocity contours in typical sections in February 2003 (units: cm/s).
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Anomalies due to El Ni~no events are better illustrated through
the vertical distributions of circulation, and they are basically
consistent with the results shown in the horizontal distribu-
tions of circulation.
5. Conclusions
Yangtze Estuary circulation anomalies during the 2002/
2003 El Ni~no event were simulated with consideration ofcomprehensive effects of runoff from the Yangtze River, East
China Sea background circulation, and tide currents. The
relationship between the El Ni~no event and Yangtze Estuary
circulation was analyzed. The main conclusions are as
follows:
(1) Yangtze Estuary circulation is mainly affected by the
Taiwan warm current, runoff from the Yangtze River, and tide-
induced residual current. The range of flow of the Taiwan
warm current narrows and its velocity decreases as it moves
northward. In waters near the Zhoushan Islands or with radial
154 Wen-yan Zhang et al. / Water Science and Engineering 2016, 9(2): 145e154sand ridges, the tide-induced residual current is relatively
strong and disorganized because of complicated hydrological
conditions and terrain. The bottom circulation is weaker than
the surface circulation, but the circulation patterns on the
surface and at the bottom are similar. In the bottom layer, the
Taiwan warm current outside the Yangtze Estuary flows
further northward and its northward velocity is a bit higher.
Circulation in summer is stronger than in winter, and the
affected area of the Taiwan warm current is larger in summer
than in winter.
(2) According to the horizontal circulation analysis under
the influence of the 2002/2003 El Ni~no event, the El Ni~no
event weakens Yangtze Estuary circulation to a certain degree,
and the impacts are more significant in summer than in winter.
During the 2002/2003 El Ni~no event, the flux of the Taiwan
warm current decreases, while its path is relatively stable. El
Ni~no events cause circulation anomalies outside the Yangtze
Estuary and adjacent waters through an atmospheric bridge or
in other particular ways.
(3) Vertical circulation was also accurately simulated. The
overall trend in vertical circulation is movement from coastal
areas to open seas, and the pattern and location of upwelling
are consistent with those shown in previous studies. Vertical
anomalies due to El Ni~no events are better illustrated, and the
northward component of the Taiwan warm current decreases
by half in February 2003 as compared with the previous year.
The results are basically consistent with those shown in the
horizontal distributions of circulation.
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